Following injury, the clearance of apoptotic and necrotic cells is necessary for mitigation and resolution of inflammation and tissue repair. In addition to macrophages, which are traditionally assigned to this task, neighboring epithelial cells in the affected tissue are postulated to contribute to this process.
Introduction
Epithelial structures in different organs perform diverse and complex tasks but display stereotyped responses to injury. The kidney epithelium is particularly susceptible to injury due to the character of its blood supply and its ability to concentrate many toxins (1) . Injury is characterized by functional deficiencies in handling of salts and water, inability to excrete metabolic toxins, and an innate inflammatory response (2, 3) . The damaged segment of the nephron can be remodeled, leading to complete functional recovery, and as such represents a general model of epithelial remodeling after injury. Removal of apoptotic cells and necrotic debris is essential for repair of the tissue with restoration of function (4) . Removal of apoptotic cells in a timely fashion has been identified to be a fundamental component of developmental remodeling, regulation of appropriate immune response, and tissue homeostasis (5) . It is critical that this process be rapid and efficient to avoid the occurrence of secondary (postapoptotic) necrosis that leads to membrane disruption and leakage of proinflammatory intracellular contents into the tissue. Furthermore, the phagocytic process itself may lead to production of antiinflammatory cytokines (6) . Little is known of the process of clearance of apoptotic cells by epithelial cells or the receptors that may be used by these cells (4, 7, 8) . Macrophages, professional phagocytes, are rarely seen in the injured epithelial tubule lumen. The goal of these studies was to determine whether kidney injury molecule-1 (KIM-1) plays a role in the phagocytic process in epithelial kidney tubule. KIM-1, also known as TIM-1 (T cell immunoglobulin mucin domains-1), as it is expressed at low levels by subpopulations of activated T cells, and hepatitis A virus cellular receptor-1 (HAVCR-1), expressed by hepatocytes, is a transmembrane protein with extracellular mucin and immunoglobulin domains. KIM-1 is not detectable in the normal human and rodent kidney but is increased in expression more than any other protein in the injured kidney and is localized predominantly to the apical membrane of the surviving proximal epithelial cells (9) . KIM-1 is also expressed by dedifferentiated epithelial cells of renal cell carcinomas in humans (10) .
In this study, we identified in vivo that apoptotic and necrotic cells of the injured tubule lumen were phagocytosed by surviving epithelial cells that express Kim-1. Furthermore, Kim-1 itself colocalized to the site of internalization of apoptotic cells. Kim-1 confers on epithelial cells the properties of highly phagocytic cells (or semiprofessional phagocytes) and mediates this by binding specifically to phosphatidylserine (PS) and oxidized lipid epitopes on the apoptotic cell surface.
Results
Kim-1-expressing tubule epithelial cells bind and internalize apoptotic bodies and necrotic debris in injured kidneys. Using specific anti-Kim-1 antibodies (9), we localized Kim-1 directly adjacent to apoptotic cells and necrotic debris in the lumens of rat kidney tubules in vivo. Kim-1 also surrounds phagocytosed apoptotic bodies within tubule cells in rat kidney 24 and 48 hours after the kidney had been subjected to ischemic injury ( Figure 1, A and B ). Confocal images ( Figure 1C ) confirm internalization of apoptotic bodies within Kim-1-expressing epithelial cells. There are phagocytic cups on the apical surface of tubular cells that are lined with Kim-1 ( Figure 1C ). Proximal tubules in the outer medulla of the kidney, where injury after ischemia is maximal, were scored for colocalization of Kim-1 staining and the presence of apoptotic bodies (confirmed by TUNEL staining). While 34.6% ± 11.8% of Kim-1-positive tubules contained cell-internalized apoptotic cells, only 9.4% ± 3.7% of Kim-1-negative tubules contained apoptotic cells ( Figure 1D ). TUNEL-positive nuclei were present in intracellular phagosomes and adherent to the luminal surface of Kim-1-expressing tubules ( Figure 1E ). Importantly, although macrophages, and to a lesser extent other leukocytes, are recruited to the interstitium of the injured kidney, they are rarely seen within the tubule lumen, where many apoptotic and necrotic cells are seen ( Figure 1F ) (11) . Thus, Kim-1-expressing kidney epithelial cells avidly phagocytose apoptotic and necrotic cells. Note also that Kim-1-expressing cells lack the macrophage marker CD68 and macrophages in the kidney do not express Kim-1 ( Figure 1F ).
To evaluate the phagocytic properties of Kim-1 in more detail, we cultured primary proximal tubule epithelial cells from mouse and rat kidneys using established methods (12) . Primary cultures of rat tubule cells expressed Kim-1 in approximately 25% of cells after 4 days in culture (Figure 2A ). Kim-1 was expressed in cytokeratin-expressing cells, confirming their identity as primary tubule epithelial cells ( Figure 2B ). Monolayers were cocultured for 1 hour at 37°C with 5-chloromethylfluorescein diacetate (CMFDA) fluorescent labeled apoptotic thymocytes, after which noningested apoptotic cells were washed away ( Figure 2 , A and C). The rat epithelial monolayer was colabeled with antibodies to Kim-1. There was marked binding and phagocytosis of apoptotic cells in Kim-1expressing but not adjacent Kim-1-negative primary cells. We also observed Kim-1 localized at the phagocytic cup and in the phagosome ( Figure 2A ). The apoptotic cells associated with Kim-1-positive and Kim-1-negative epithelial cells were determined ( Figure 2C ). In this assay some apoptotic cells were cell surface bound in addition to others that were phagocytosed. To determine the role of Kim-1 in the phagocytic process directly, coculture with apoptotic cells was carried out in the presence of either monoclonal anti-Kim-1 antibodies with affinity for the ectodomain or isotype control antibodies ( Figure 2D ). After coincubations and washing, the adherent primary cells were lifted into a single-cell suspension with EDTA and trypsin, and individual suspended epithelial cells were counted by fluorescence microscopy. Kim-1 antibodies markedly inhibited phagocytosis in this assay, indicating that Kim-1 itself played a direct role in phagocytosis ( Figure 2D ). Further analysis in primary cells could not be undertaken because primary cultured epithelial cells do not survive passaging in vitro and variably exhibit high levels of autofluorescence. In order to study the role of KIM-1 in epithelial cell phagocytosis further, we stably expressed fulllength human KIM-1 in porcine LLC-PK1 renal tubular epithelial cell lines (KIM1-PK1 cells) that do not express the native protein (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI34487DS1) and also established MDCK II canine kidney epithelial cell lines that could be induced to express KIM-1 by removal of doxycycline (Supplemental Figure  1B) . After coculture of KIM1-PK1 cells with apoptotic thymocytes that had been labeled with fluorescent CMFDA, KIM-1 localized initially to the phagocytic cup where apoptotic cells became attached to the epithelial cell surface ( Figure 3A , left panel). Later KIM-1 localized to phagosomes that contained apoptotic cells (Figure 3A, right panel) . When confocal images were taken of KIM1-PK1 cells labelled with phalloidin to show the actin cytoskeleton, it was clear that apoptotic cells were in phagosomes ( Figure 3B ). In addition, we generated full-length KIM-1-GFP C terminus-tagged protein and expressed this protein stably in COS-7 cells. Time-lapse images of KIM-1-GFP cells ingesting apoptotic cells showed early recruitment of KIM-1 to the phagocytic cup where initial tethering of the apoptotic cell occurs, followed by further enhancement of the KIM-1 fluorescence in the phagosome after successful engulfment (Supplemental Figure 2 and Supplemental Video 1).
Figure 1
Kim-1-expressing tubule epithelial cells bind and internalize apoptotic bodies and necrotic debris in rat kidneys following ischemic injury. (A) By light microscopy, necrotic cellular debris (seen by differential interference contrast [DIC]) binds to apically located Kim-1 (dark brown) of surviving tubule epithelial cells (large arrows). An apoptotic body is seen in 1 Kim-1-positive epithelial cell (small arrow). (B) By fluorescence microscopy many DAPI-positive (blue) apoptotic bodies (large arrows) can be seen binding to the surface of Kim-1-positive (red) epithelial cells, and Kim-1-expressing cells have processes (red, small arrow) internalizing an apoptotic body (blue). In addition, apoptotic bodies have been internalized by Kim-1-positive epithelial cells (blue, arrowhead). (C) Confocal image of apoptotic cells (blue) localized in phagocytic cups (small arrows) on the Kim-1-positive (red) apical surface of tubular cells. An internalized apoptotic cell is indicated by a large arrow. L denotes the tubule lumen. (D) The proportion of Kim-1-positive tubules containing internalized apoptotic bodies was greater than adjacent Kim-1-negative tubules in the postischemic kidney. Neither Kim-1 nor apoptotic bodies were identified in the normal kidneys. *P = 0.01 (error bars indicate SD). (E) Kim-1positive epithelial cells (red) binding many TUNEL-positive apoptotic bodies (green, large arrows) and internalizing other small apoptotic bodies (green, small arrow). (F) Kim-1-positive epithelial cells (red, large arrows) are surrounded by CD68-positive macrophages (green, small arrows), which do not express Kim-1 and are found only in the interstitium. Scale bar: 10 μm.
To quantify phagocytosis using an automated system, KIM-1expressing KIM1-PK1 cells were cocultured for 1 hour at 37°C with fluorescently labeled apoptotic LLC-PK1 cells or apoptotic thymocytes, after which noningested apoptotic cells were washed away and live cells were lifted into a single-cell suspension with EDTA and trypsin. Bound noninternalized apoptotic cells are removed by this procedure. Compared with LLC-PK1 cells stably transfected with empty vector (pcDNA-PK1), KIM1-PK1 cells more avidly internalized apoptotic cells ( Figure 3 ). When quantitatively assessed by a flow cytometric assay that measures increased fluorescence of epithelial cells in suspension following ingestion of fluorescently labeled apoptotic cells, KIM1-PK1 cells showed approximately 10-fold greater phagocytosis of apoptotic LLC-PK1 cells (14.8% ± 4.2% were positive for apoptotic cells vs. 1.5% ± 0.4% in control cells) and 2-fold greater phagocytosis of apoptotic thymocytes (24.2% ± 1.2% KIM1-PK1 cells vs. 12.0% ± 0.7% pcDNA-PK1 cells) ( Figure 4B ) (13, 14) . Direct fluorescence microscopy of the coincubations that had been analyzed by flow cytometry confirmed marked increases in internalized apoptotic cells; when scored by blinded microscopic counting of random fields (15, 16) , 21.5% ± 2.8% of KIM1-PK1 cells internalized apoptotic thymocytes compared with 4.6% ± 1.4% in pcDNA-PK1 cells. Likewise, 30.9% ± 4.8% of KIM1-PK1 cells were observed to phagocytose apoptotic LLC-PK1 cells as compared with 4.4% ± 1.0% of pcDNA-PK1 cells. The phagocytic index was also increased as determined by microscopic scoring (KIM1-PK1 cells, 34.48 ± 2.74 vs. pcDNA-PK1 cells, 4.88 ± 1.13). To be certain that the flow cytometric assays measured phagocytosis and not merely binding, internalization was examined in cocultures incubated at 4°C, a temperature which prevents internalization (17) , and at 37°C ( Figure 5A ). At 4°C, 0.07% ± 0.11% of KIM1-PK1 cells had increased fluorescence, indicative of phagocytosis, whereas at 37°C, 11.34% ± 4.51% of the KIM1-PK1 cells exhibited enhanced fluorescence, indicative of phagocytosis of fluorescent apoptotic cells ( Figure 5A ). To confirm the specificity of these findings, we used a tetracycline-dependent (tet-off), conditional KIM-1 expression cell system in MDCK canine kidney tubular epithelial cells (Supplemental Figure 1 ). Phagocytosis of apoptotic epithelial cells was dependent on the conditional expression of KIM-1 in the MDCK cells (induced, 11.60% ± 2.75% of cells ingested apoptotic cells vs. not induced, 2.04% ± 0.23%; Figure 4D ). Phagocytosis but not binding of apoptotic cells by KIM1-PK1 cells was inhibited by pretreatment with cytochalasin D and nocodazole, inhibitors of actin filament polymerization and microtubule formation, respectively ( Figure 5B ). These findings in stably transfected kidney epithelial cell lines supported the role we had identified for KIM-1 in vivo ( Figure 1 ) and in primary epithelial cell cultures ( Figure 2 ). KIM1-PK1 cells did not bind or internalize fluorescently labeled zymosan-Texas Red (0.5 mg/ml), latex beads-FITC (1:800 dilution), or heparin-FITC (25 μg/ml) when compared to pcDNA-PK1 cells ( Figure 5C ). This likely reflects lack of expression of receptors such as scavenger receptor A (SRA) as well as other components of the myeloid phagocytic machinery by the epithelial cell.
To determine whether KIM-1 expression also conferred enhanced capacity to ingest necrotic cellular debris, we prepared necrotic fluorescently labeled LLC-PK1 cells by sonication. Fifteen times more KIM1-PK1 cells ingested necrotic cell debris (32.9% ± 8.4%) as compared with control pcDNA-PK1 epithelial cells (1.9% ± 1.0%) as assessed by flow cytometry and confirmed by microscopy ( Figure 3C and Figure 4C ). Thus, KIM1-PK1 cells internalize apoptotic and necrotic cells.
Matrix proteoglycans such as heparan sulfate have been reported to act as opsonins for the clearance of apoptotic cells and necrotic debris (18) , but in these studies, heparin, a heparan sulfate, did not bind to KIM1-PK1 cells. To determine the role of other opsonins, such as complement proteins and thrombospondin, we prepared apoptotic cells in serum free media and performed phagocytosis assays in the absence of serum. There was no difference in phagocytosis of apoptotic thymocytes by KIM1-PK1 cells in the presence (20.9% ± 1.6% KIM1-PK1 cells phagocytosed apoptotic cells) or absence (28.6% ± 5.2%) of serum, suggesting that serum-derived opsonins play no role in KIM-1 mediated phagocytosis. To show further specificity of KIM-1 in phagocytosis, we expressed the archetypal scavenger receptor SRA in LLC-PK1 cells. Although SRA promoted avid binding of apoptotic thymocytes, there was only a small increase in phagocytosis, 5.1 ± 0.3% versus 4.2 ± 0.3% (control), confirming the uniqueness of KIM-1 as a phagocytic receptor.
Our studies of rat primary epithelial cells indicated that rat Kim-1 was functioning directly as a phagocytic receptor ( Figure 2 ). We next evaluated whether the enhanced phagocytosis conferred by human KIM-1 expression in KIM1-PK1 cells was directly due to KIM-1 functioning as an apoptotic receptor or indirectly due to upregulation of the intrinsic phagocytic machinery. Pretreatment of apoptotic cells with soluble KIM-1 ectodomain-Fc fusion protein (KIM1-Fc) (0.8 μg/ml) inhibited uptake into KIM1-PK1 cells ( Figure  5D ). Likewise, pretreatment of KIM1-PK1 cells with an anti-Kim-1 antibody that binds to the Ig domain (AWE2) also inhibited phagocytosis of apoptotic cells ( Figure 5D ), which together with the rat primary studies indicates KIM-1 binds to apoptotic cells via the Ig-domain. To further enhance the certainty that the KIM-1
Figure 4
Quantitative analysis of KIM-1-mediated apoptotic cell and necrotic material phagocytosis. Flow cytometric plots of green fluorescence against side scatter (SSC) for KIM1-PK1 and pcDNA-PK1 epithelial cells that have ingested fluorescently labeled (CMFDA) apoptotic thymocytes (A), apoptotic LLC-PK1 cells (B), or necrotic debris (necrotic LLC-PK1 cells) (C) in a phagocytosis assay. Percentages represent the proportion of epithelial cells that have ingested fluorescently labeled material. KIM1-PK1 cells that have not ingested apoptotic cells or debris were used to define the gated area. Without coculture with necrotic cells, only 0.93% of KIM-1-expressing epithelial cells were identified in the gated area. (D) Flow cytometric plots of green fluorescence against side scatter for KIM1-tet-off MDCK epithelial cells that have ingested fluorescently labeled (CMFDA) apoptotic LLC-PK1 in a phagocytosis assay. MDCK cells were either treated with doxycycline (100 ng/ml) to inhibit expression of the KIM-1 (left panel) or no doxycycline was used (5 days), permitting high-level expression of KIM-1 (right panel). Values represent the percentage of epithelial cells that have ingested fluorescently labeled apoptotic cells. KIM1-tet-off MDCK cells that have not ingested apoptotic cells or debris were used to define no ingestion. ectodomain in cells was directly responsible for binding and internalization by acting as a phagocytic receptor, we generated a truncation mutant of KIM-1 (ΔKIM1-ecto), which expressed only 5 amino acids extracellularly but expressed the transmembrane and intracellular domain normally in cells. Compared with pcDNA-PK1 cells, the ΔKIM1-ecto-PK1 cells showed no enhancement of phagocytosis in our phagocytosis assays (data not shown).
To further underscore that the phagocytic effect of KIM-1 was a direct interaction and not due to the induction of other phagocytic receptors, we assessed KIM1-PK1 and control cells for expression of CD36 (protein) and lox-1 (transcript) but found no expression of these phagocytic receptors. Interestingly, scavenger receptor B1 (protein) was expressed by both control and KIM1-PK1 cells at equal levels (data not shown).
The KIM-1 ectodomain binds specifically to the surface of apoptotic kidney epithelial cells and PS. To investigate the biology of KIM-1 further, we assessed binding of KIM1-Fc to cells ( Figure 6 ). KIM1-Fc bound specifically to the surface of apoptotic cells but not the surface of normal cells ( Figure 6, A and B) . Control c-Ret-Fc and human IgG proteins did not adhere to apoptotic or normal cells ( Figure 6 , A and B). KIM1-Fc binding was abolished by addition of the calcium and magnesium chelators, EGTA and EDTA, and restored in the presence of excess calcium, indicating that binding is dependent on divalent cations ( Figure 6C ). Divalent cation dependence has been reported for binding of other receptors of the myeloid lineage scavenger receptor family that bind apoptotic and necrotic cells (17, 19, 20) .
Unlike live cells, apoptotic cells expose membrane aminophospholipids PS and phosphatidylethanolamine (PE) on the outer leaflet of the plasma membrane (15). The exposed lipids are targets that professional phagocytes use in recognition of apoptotic cells (15) . In a cell-free binding assay, we tested whether KIM-1 recognized PS, PE, phosphatidylcholine (PC), or anionic phosphatidic acid (PA) adherent to plastic wells. KIM-1 ectodomain bound specifically to PS and to a lesser extent PE but not other membrane phospholipids, PC, or PA ( Figure 6E ). The K d for KIM1-Fc-binding to PS was calculated from the binding curve to be 6.3 nM. To validate this assay and these observations, we confirmed that PS, PE, and PC bound equally to plastic plate wells by elution of adsorbed lipids in ethanol and analysis of eluates by TLC (data not shown). These studies suggest KIM-1 is a PS receptor but may also be a receptor for PE, albeit with a lower affinity. To confirm these properties in cells, we used liposomes containing PS to competitively block uptake of apoptotic cells by KIM1-PK1 cells (15) . Pretreatment of KIM1-PK1 cells with PS liposomes (0.2 mM) almost completely abolished KIM-1 mediated phagocytosis, while PC liposomes (0.2 mM) had no effect ( Figure 6D ). Thus, we believe KIM-1 is a novel PS receptor. In the kidney, we did not identify any interstitial cells that expressed Kim-1 (Figure 1 ). In particular neither resident, inflammatory macrophages, nor neutrophils expressed Kim-1. Cultured bone marrow macrophages also did not express Kim-1 by transcript or protein assessment. Furthermore, activation by LPS or dexamethasone did not induce expression of Kim-1 in macrophages that express Emr-1 (F4/80 antigen) ( Figure 7) . Therefore, KIM-1 appears to be unlike other epithelial apoptotic cell uptake receptors, which are similar or identical to those used by macrophages (4).
KIM-1-expressing epithelial cells bind and internalize oxidized LDL through specific interactions with the KIM-1 ectodomain. Scavenger receptors, originally named by Brown and Goldstein for their capacity to bind oxidized lipids and play a role in foam cell formation (21) , participate as pattern recognition molecules in host defense and innate immunity. They have also been implicated in the tethering and internalization of apoptotic and necrotic cells (20, (22) (23) (24) (25) (26) . The plasma membrane of healthy cells is continually oxidized, but oxidized lipids are actively transported to the inner leaflet of the membrane (27) . Only in dying or necrotic cells does the outer leaflet plasma membrane retain oxidized phospholipids (28) . Fluorescently labeled (DiI) oxidized LDL (ox-LDL) bound to KIM-1expressing cells and was internalized at 37°C ( Figure 8, A and  B ). Both binding to and internalization of DiI-labeled ox-LDL by KIM1-PK1 cells was totally prevented by coincubation with a 40-fold excess of unlabeled ox-LDL ( Figure 8C ). KIM1-PK1 cells also bound and internalized native LDL, whereas control pcDNA-PK1 cells did not ( Figure 8A ). Internalized ox-LDL and native LDL were both predominantly localized in intracellular vesicles ( Figure 8B ). Using the tet-off conditional KIM-1 expression system ( Figure  8D ), we confirmed that binding and internalization of ox-LDL was dependent on expression of KIM-1 ( Figure 8D ). It is noteworthy that while scavenger receptors class A, C, and D do not bind native LDL, scavenger receptors class B have been reported to bind native LDL as well as PS efficiently. Thus, KIM-1 shares some functional similarity with this latter class of receptors (20, (29) (30) (31) (32) .
To demonstrate that internalization of ox-LDL was mediated through direct interaction with KIM-1 ectodomain, plastic wells, coated with ox-LDL or left uncoated, were incubated with purified KIM1-Fc fusion protein or control Fc-proteins (human IgG, c-Ret-Fc). After washing away unbound Fc proteins, specific binding of KIM1-Fc was identified by colorimetric assay using horseradish peroxidase-conjugated secondary antibodies against human Fc (IgG) ( Figure 8E ). KIM1-Fc, but not control c-Ret-Fc or human IgG proteins, bound to ox-LDL with a K d of 9.4 nM. We believe the ability to specifically bind to ox-LDL in addition to PS confirms KIM-1 to be a novel scavenger receptor. Since KIM-1 is not only a PS and PE receptor but also a scavenger receptor, we evaluated whether engulfment of apoptotic cells was prevented by pretreatment of KIM1-PK1 cells with ox-LDL ( Figure 8F ). Phagocytosis was suppressed by 76.4% (12.3% ± 1.7% vs. 2.9% ± 1.4% with 40 μg/ml ox-LDL). Some scavenger receptors bind microbial cell surface epitopes. Although KIM1-PK1 cells did not bind yeast cell wall, zymosan ( Figure 5C ), KIM1-PK1 cells bound and internalized both Gram negative (E. coli) and positive (S. aureus) bacteria (Figure 9 ).
Discussion
To date, scavenger receptors have been associated with cells of the myeloid lineage, including macrophages, dendritic cells, and, to a lesser extent, neutrophils. This is the first demonstration to our knowledge of an epithelial cell scavenger receptor involved in phagocytosis that is not expressed by myeloid lineage cells. While it shares homology with MadCam-1, an endothelial integrin and selectin receptor (33), KIM-1/TIM-1 is unique among classes of previously described scavenger receptors, all of which lack Ig super family domains (34) . An epithelial scavenger receptor reportedly not expressed in myeloid cells (SCARA5) has been described, but it does not bind ox-LDL nor does it play any clear role in phagocytosis of apoptotic cells (35) .
We propose that KIM-1 mediates engulfment of apoptotic and necrotic debris in the lumen of injured epithelial tubules through binding to PS and oxidized phospholipids on the surface of target cells. KIM-1 mediates phagocytosis not only by binding to the cell surface but also by triggering internalization. Our data support an important role for nonprofessional phagocytes in tissue remodeling, an area recognized to be important in invertebrates but little explored in vertebrates (36, 37) . It is currently unclear whether KIM-1 triggers internalization by cooperating with a coreceptor or by signaling through its cytoplasmic tail, which contains 3 potential tyrosine phosphorylation sites (38) . KIM-1 converts epithelial cells into highly phagocytic cells that exhibit phagocytic characteristics similar to those shown by professional phagocytes (15, 17) . By so doing, KIM-1 may play an important role in limiting the autoimmune response to injury.
KIM-1 has high binding affinity to PS and somewhat lower affinity for PE. Another scavenger receptor, LOX-1 has been reported to bind PS but not bind PE, and we did not find evidence of its expression in kidney epithelial cells (20, 39) . We did find evidence of low-level scavenger receptor B1 expression in our cell lines, which was unaffected by KIM-1 expression and does not play any role in the KIM-1 mediated phagocytosis or lipid uptake we report here. Both PS and PE are externally translocated to the outer leaflet of plasma membrane during apoptosis (40, 41) . A bridging molecule for αVβ5 integrin-mediated apoptotic cell phagocytosis is milk fat globular-EGF-factor 8 (MFG-E8), which binds both PS and PE (42) . Thus, KIM-1's affinity to bind aminophospholipids directly might be crucial to efficient binding and engulfment of apoptotic and necrotic cells without the need for bridging molecules.
Several PS-binding proteins and their domain structures are known; however, it is not clear whether these are conserved PSbinding domain motifs (20, 39, 42) . Ig domains are components of antibodies, receptors, and adhesion molecules, and they function in recognition and binding of molecular structures. The crystal structure of mouse Kim-1 was elucidated (43) , and its Ig domain has 2 binding sites for a homophilic interaction and a potential ligand binding site. A prototypical PS-binding domain, called the calcium-binding domain 2 (C2 domain), shares an antiparallel β-sheet "sandwich-like" structure (44) with the Ig domain of KIM-1. Thus, although speculative, the KIM-1-Ig domain may bind to aminophospholipids at the β-sheet-like structure, with calcium as a cofactor. Our antibody blocking data suggest that the KIM-1-Ig domain is responsible for binding to PS. In studies using KIM-1 truncation mutants, we have confirmed that the extracellular domain is responsible for all the enhanced binding capacity conferred by KIM-1 expression to apoptotic cells (data not shown). Further studies using mutated KIM-1 constructs will be required to determine the precise region responsible for PS binding and to determine whether ox-LDL-binding sites and PS-binding sites are identical or located at different sites of the protein. The in vitro binding studies indicate that KIM-1 has a higher affinity for PS than for ox-LDL. However, these studies do not necessarily indicate the relative affinity of KIM-1 for PS or
Figure 7
Macrophages do not express Kim-1/Tim-1. RT-PCR (left panel) for Kim1 mRNA from day 7 mouse bone marrow macrophages cultured with LPS or dexamethasone. Emr1 (F4/80 antigen) and Gapdh were used as controls, and mouse kidney cDNA 48 hours following ischemia was used as a positive control. Immunoblot (right panel) for Kim-1 in protein lysates from cultured macrophages and postischemic mouse kidney. Note that mouse bone marrow-derived macrophages generate neither kim1 transcript nor Kim-1 protein, in quiescent or activated states. BMMf, bone marrow-derived macrophages.
oxidized phospholipids that are present on the apoptotic cell surface. Further studies will be required to determine whether different apoptotic cell types or different stages of transition from early apoptosis through late apoptosis to necrosis selectively expose oxidized phospholipids or PS to the KIM-1 receptor.
Functionally, the ability of KIM-1 to phagocytose apoptotic and necrotic cells in the tubule of the kidney may be critical for remodeling after injury. For recovery of function after acute injury, it is important that the lumen of the epithelial tubule be cleared of dead cell debris in order to relieve intratubular obstruction. Furthermore, with the massive amount of injury that frequently occurs, it is vitally important that an immune response to newly revealed tis-sue antigens be minimized (1) . Macrophages are normally assigned to the task of clearing necrotic and apoptotic debris. However, within the epithelial tubule, macrophages are rarely if ever seen. We propose that epithelial tubule injury in other organs will require surviving epithelial cells to use phagocytic receptors such as KIM-1 and function as phagocytes for successful repair and resolution of injury. Mice lacking the phagocytic bridging molecule MFG-E8 exhibit a range of defects, resulting in autoimmunity due to aberrant phagocytosis of apoptotic and necrotic cells by dendritic cells. The mice, however, also exhibit a mammary gland phenotype due to impaired phagocytosis of dying cells by surviving epithelial cells during mammary gland involution. Epithelial cells, functioning as semiprofessional phagocytes, have been implicated in normal involution of the mammary gland and therefore, tissue remodeling (45) . It is interesting that in preliminary studies we have identified KIM-1 in highly phagocytic epithelial cells of day 3 involuting mammary gland (data not shown), suggesting that KIM-1 may play a broader role in epithelial remodeling.
Additional studies in vivo using targeted deletion of Kim-1 and possibly other members of the Kim family of receptors will be instructive once the animals are available. In rodents, there are 8 members of the Tim/Kim gene family, whereas in humans there are only 3 genes. It is possible that, in vivo, in mice deletion of more than 1 Kim gene will be required if there is a redundancy of function.
Phagocytosis of apoptotic cells mediated by KIM-1 may result in the generation of antiinflammatory cytokines as occurs with phagocytosis by macrophages (5) (6) (7) , which also become resistant to activation by proinflammatory cytokines. Interestingly, hepatocyte growth factor (HGF), a well known renal repair factor (46) , was reported to be upregulated in epithelial cells that phagocytosed apoptotic cells (7) . In a preliminary study, we found upregulation of HGF mRNA by KIM-1 expression in LLC-PK1 cells (unpublished observations). Although speculative, KIM-1 may contribute to not only clearance of dead cells but also the regenerative mechanism, resulting in replacement of cells and restoration of the epithelium.
In conclusion, KIM-1, which is expressed on human and rodent epithelial cells following injury to the kidney, confers endocytic and phagocytic phenotypes on epithelial cells with resultant internalization of lipoproteins and apoptotic cells. To our knowledge, KIM-1 represents the first described epithelial PS and scavenger receptor that is not expressed on myeloid cells. The data presented in this study suggest that these capacities conferred by KIM-1 may facilitate remodeling of the injured epithelia.
Methods
Animal model. Ischemia reperfusion injury of the rat kidney was carried out as previously described (47) . In brief, anesthetized SD rats were maintained at 36.5-37.5°C. Kidneys were exposed via flank incisions and subjected to bilateral renal artery clamping using microaneurysm clamps and returned to the retroperitoneum. After 30 minutes, the clamps were removed and kidneys confirmed to reperfuse. Wounds were closed. Experiments were carried out according to protocols approved by the Center for Animal Resources and Comparative Medicine, Harvard Medical School.
Materials. LLC-PK1 and COS-7 cell lines were from the ATCC, and FBS, DMEM, and DMEM/F-12 were from Cellgro. Generation of anti-Kim-1 antibodies AWE2.1, ABE3, ACA, and R9 was described previously (9, 48) , and secondary antibodies were from DakoCytomation or Jackson Immu-noResearch Laboratories Inc. Labeled and unlabeled native LDL and ox-LDL were from Intracel Corp., and CMFDA was from Invitrogen. Human TNF-α was from Peprotech Inc. Other reagents were from Sigma-Aldrich.
Cell culture. Primary cultures of kidney proximal tubule cells were generated using established methods with modifications (12) . Briefly, the kidney cortex was dissected from medulla, diced, and then digested in a solution of collagenase (0.5 mg/ml) (with soybean trypsin inhibitor) for 30 minutes at 37°C in a water bath rocker. The enzyme reaction was terminated with horse serum. Glomeruli and remaining tissue clumps were separated by decanting after gravity sedimentation (2 minutes). After washing 2 times in PBS, tubules were resuspended in tubule medium (DMEM/F-12 with transferrin, insulin, selenium, hydrocortisone, and EGF) and aliquoted into collagen I-coated tissue culture grade dishes containing autoclaved glass coverslips. Every second day, medium was replaced with fresh medium. The epithelial cells were used in assays between day 4 and day 5. KIM1-PK1 cells were generated by transfecting LLC-PK1 cells with human KIM-1 fulllength cDNA (48) subcloned into a pcDNA3 mammalian expression vector (Invitrogen) to generate a KIM-1 expression construct. This construct was transfected using Lipofectamine (Invitrogen), and stable transfectants selected for G418 resistance. Control (pcDNA-PK1) cells were generated using an empty pcDNA3 vector. Clones were isolated by limiting dilution, and KIM-1 protein expression was confirmed by both western blot and immunofluorescence using anti-human KIM-1 mouse monoclonal antibodies (AKG7, AWE2) or anti-human KIM-1 rabbit polyclonal antibody (#1400) as primary antibodies (48) . Two pairs of KIM-1-expressing cells and control cells were used for the phagocytosis assay.
KIM1-tet-off MDCKII cells were generated by using BD Tet-Off Gene Expression System kit (Clontech) and MDCK-tet-off cells (Clontech). The human KIM-1 cDNA was subcloned into pTRE-hygro constructs to generate pTRE-KIM-1, and the construct transfected into MDCK-tet-off cells (Clontech). Transfected and selected KIM1-tet-off MDCK cell clones were cultured in DMEM/F-12/10% FCS, 250 μg/ml hygromycin, and 100 μg/ml G418. Cells were cultured in 100 ng/ml doxycycline to prevent KIM1 transcription until induction was induced by its withdrawal.
KIM-1-GFP cells were generated by subcloning human ORF KIM1 (full length) into pEGFP N1 (Clontech), generating a fusion construct with EGFP at the C terminus. The construct was transfected into COS7 cells and stably expressing cells were selected (see above). ΔKIM1-ecto was generated by cloning the signaling peptide to the 5 amino acids closest to the transmembrane domain and all of the transmembrane and cytoplasmic domains into pcDNA3 vector. The ΔKIM1-ecto-PK1 cell line was generated in LLC-PK1 cells as described above. Full-length SRA-II was cloned from cDNA from mouse peritoneal macrophages into pCR2.1, then subcloned into pcDNA3. LLC-PK1 cells were transfected using Lipofectamine with pcDNA3-SRA-II or empty vector, and expression of SRA was confirmed by immunofluorescence using anti-CD204 antibodies (Serotec).
Immunolabeling. Paraffin sections were rehydrated and labeled with rabbit anti-rat Kim-1 (R9) antibody followed by biotinylated anti-rabbit secondary antibody and ABC peroxidase DAB labeling as previously described (9) . PLPfixed frozen sections were labeled with R9 antibody followed by Cy3-conjugated secondary antibody (9) . Apoptotic nuclei were visualized using DAPI (Invitrogen) at 12.5 μg/ml in Vectashield (Vector Laboratories). Identification of TUNEL-positive cells in PFA-fixed tissues was described previously (49) using FITC-labeled dUTP (Roche) in a terminal deoxynucleotidyl trans- ferase dependent reaction incubated for 1 hour at 37°C, followed by labeling with R9 antibody (9) . Macrophages in kidney tissues were stained with anti-rat CD68 (Serotec) followed by Cy2-conjugated secondary antibody. KIM1-PK1 cells and pcDNA-PK1 cells were plated at 3.0 × 10 5 per well in a 4-well chamber slide or 1.5 × 10 5 per well in an 8-well chamber slide (Lab-Tek; Nunc). Washed cells were fixed with 2% PFA and permeabilized with 0.1% Triton X-100. After blocking, cells were incubated with mouse anti-human KIM-1 supernatant (clone AWE 2.1) for 1 hour, followed by anti-mouse Cy3 (1:800 dilution) for 30 minutes and then washed and mounted as described above. KIM-1-expressing tubules in the outer medulla of the kidney 48 hours postischemic injury were counted in 40× high-power fields (HPFs) (n = 3). The proportion containing intracellular, DAPI-stained fragmented nuclear bodies with characteristic morphological features of apoptotic bodies (50) was scored in 5 randomly selected fields. In the same HPFs, KIM-1-negative tubules were counted and scored for the proportion containing intracellular DAPI-labeled apoptotic bodies. Confocal immunofluorescence images were obtained with a NIKON TE2000 microscope with Auto DeBlur deconvolution software as previously described (49) . KIM1-PK1 cells were cocultured with CMFDA-labeled apoptotic thymocytes for 2 hours, unbound cells were washed away, and the monolayer was fixed. The cellular structures were visualized by phalloidin-rhodamine staining. Rat primary cell cultures were incubated with rabbit anti-rat polyclonal antibodies (R9) and mouse anti-human cytokeratin antibodies (clone C22) as previously reported. KIM1-PK1 cells and pcDNA-PK1 cells were incubated with rabbit anti-human CD36 antibodies (gift from Simone B. Brown, University of Edinburgh Medical School, Edinburgh, United Kingdom) or goat anti-SRB1 antibodies (Abcam).
Detection of mRNA by PCR. Mouse macrophages were cultured from mouse bone marrow as previously described (51) . Seven day macrophages were stimulated with LPS (500 ng/ml) or dexamethasone (500 nM) for 24 hours. RNA was purified and cDNAs were generated as previously described (52) . Kim-1, Emr-1, and Gapdh mRNAs were detected using the following primer pairs: Kim1, 5′-ATGAATCAGATTCAAGTCTTC-3′, 5′-TCTGGTTTGTGAGTCCATGTG-3′; Emr1, 5′-TTTTCAGATCCTTGGC-CATC-3′, 5′-ACACTGGGGCACTTTTGTTC-3′; Gapdh, 5′ ACTCCACTCG-GCAAATTC-3′, 5′-CACATTGGGGGTAGGACCAC-3′. PCR was repeated 35 times using the following conditions: 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 60 seconds. Porcine MFG-E8 and LOX-1 transcripts were detected using primer pairs: Mfg-e8, 5′-ATCCCCAACAAGCA-GATCAC-3′, 5′-CACTCAGAGGCACTGTTGGA-3′; Lox-1, 5′-CTGTGCCT-GGGATTACTGGT-3′, 5′-TGTCCCTCCAGGATGTCTTC-3′. The MFG-E8 and LOX-1 transcripts were quantified by quantitative RT-PCR using iQ5 Real-time PCR detection system with CYBR Green Super Mix kit (Bio-Rad) as previously described (52) .
Western blot analysis. Cells were lysed and lysates were prepared as previously described (53) . Membranes were incubated with the mouse anti-human KIM-1 (clone ABE-3) or anti-rat Kim-1 (R9) antibodies followed by anti-mouse or anti-rabbit IgG-HRP, respectively. Bands were visualized by chemiluminescence (Western Lightning; PerkinElmer). Anti-β actin (Santa Cruz) antibodies were used for loading controls on stripped membranes (53) .
Generation of KIM1-Fc fusion proteins. Soluble KIM-1 ectodomain-Fc fusion protein (KIM1-Fc) was produced by stably transfecting CHO cells with a expression construct containing KIM-1 ectodomain fused to human IgG-Fc region. KIM1-Fc was isolated from conditioned media by protein Asepharose chromatography as described previously (48) . Mouse Kim-1 ectodomain-Fc (mKim1-Fc) was produced using an adenovirus expression system. An expression construct encoding a mKim-1 ectodomain fused to human IgG1-Fc domain was generated and transfected to HEK-293 cells. Adenovirus was harvested from culture supernatants of the transfected cells, which was reapplied to transduce HEK-293 cells in large scale culture for KIM1-Fc production (53) .
Preparation of apoptotic and necrotic cells. Confluent cultures of LLC-PK1
cells were treated with TNF-α (40 ng/ml) and cycloheximide (10 μM) (54) . After 24 hours, nonadherent apoptotic cells were transferred and separated by centrifugation (400 g, 2.5 minutes), and then resuspended in DMEM. Apoptosis was confirmed by uptake of DAPI and failure to take up trypan blue (6) (49.52% ± 4.20%). Cells were labeled with CMFDA (Molecular Probes) as previously described (51) . To generate necrotic cells, confluent cultures of LLC-PK1 cells were harvested and fluorescently labeled as described above. Cells were sonicated with 6 pulses using the W-375 processor (Heat Systems-Ultrasonic). Apoptotic thymocytes were prepared as previously described (6) . The dispersed single cell supernatant of mouse thymocytes was exposed to dexamethasone (1 μmol/l) followed by culture for 16 hours in 10% FCS and antibiotics. Typically, more than 50% of induced cells were apoptotic (Annexin V binding; Boehringer Mannheim) and permeable to Hoescht 33342 (1 μg/ml), whereas less than 5% of those were positive for the uptake of propidium iodide (6) . They were fluorescently labeled with CMFDA. Cells were collected (1,200 rpm, 2.5 minutes), resuspended in DMEM/F-12/10% FBS, and counted. In some studies, thymocytes were treated with dexamethasone in absence of serum (10% FBS) in media to identify potential serum opsonins.
Phagocytosis assays. To quantitate phagocytosis, KIM1-PK1 cells (3 × 10 5 ) or pcDNA-PK1 or ΔKIM1-ecto-PK1 cells were plated in 3.8 cm 2 wells 24 hours prior to assay. Primary proximal tubule kidney epithelial cells were grown in 3.8 cm 2 wells on glass coverslips or within the wells without passaging. CMFDA-labeled apoptotic LLC-PK1 cells (7 × 10 5 ), sonicated LLC-PK1 cells, or 2 × 10 6 apoptotic thymocytes were added to confluent epithelial cell layers and incubated for 1 hour at 37°C. Cells were washed vigorously 5 times with ice-cold PBS (without Mg ++ /Ca ++ ) to remove bound and uningested apoptotic cells or debris. Primary epithelial cells, KIM1-PK1, or pcDNA-PK1 cells were harvested with 300 μl trypsin/EDTA solution and resuspended in 300 μl DMEM/10% FBS. Wells of KIM1-PK1 or pcDNA-PK1 not incubated with apoptotic cells or debris were used as a reference. Harvested cells were then subjected to flow cytometry (FACSCalibur; BD) as previously described (13, 14) . Live epithelial cells were identified by the size using forward-scatter/side-scatter (FSC/SSC) ratio, and FSC/SSC characteristics of apoptotic cells or debris were excluded. Only live epithelial cell characteristics were selected for analysis of fluorescence (13, 14) . Ingestion of apoptotic cells or debris was identified by a shift in green fluorescence. Data were analyzed by FlowJo 6.1.1. Mac software (Tree Star Inc.). The same methods were used for assay of phagocytosis by KIM1-tet-off MDCK cells cultured with or without doxycycline (100 ng/ml, 5 days). Aliquots of cells were taken from the flow assay and placed on slides. Ingestion of apoptotic cells or debris was confirmed visually using fluorescence and differential interference contrast images, and slides were counted by an investigator, blinded to the conditions, by microscopic counting of randomly selected fields as previously described (16) to determine the percentage of cells participating in phagocytosis or the phagocytic index. In some studies, the coincubation of epithelial cells with apoptotic cells was carried out at 4°C; in others, apoptotic cells were preincubated with human KIM1-Fc (hKIM1-Fc) (800 ng/ml, LLC-PK1 cells) or mouse KIM1-Fc (800 ng/ml, thymocytes) for 30 minutes 4°C, then washed 2 times prior to phagocytosis assay. For some primary epithelial cell experiments, mouse anti-rat Kim-1 ectodomain monoclonal antibodies (5 μg/ml of each) used in combination (C10, MARKE-2 MARKE-trap) (55) or mouse IgG were preincubated as described above, then washed away prior to the phagocytosis assay. We also conducted the phagocytosis assay for apoptotic thymocytes in the absence of serum (10% FBS) in media.
In other experiments, KIM1-PK1 cells or pcDNA-PK1 cells were preincubated with anti-human KIM-1 antibody (AWE2 50 μg/ml, 1 hour at 37°C), control mIgG, or 40 or 50 μg/ml of ox-LDL in DMEM/10% FBS (2 hours at 37°C). After preincubation, apoptotic LLC-PK1 cells were added to the wells without replacing the ox-LDL containing media. For cytoskeleton inhibitor studies and SRA studies, KIM1-PK1 cells were preincubated with cytochalasin D (30 μM) or nocodazole (30 μM) for 1 hour prior to coincubation with CMFDA-labeled apoptotic thymocytes (1 hour), and unbound cells were washed with PBS 5 times. Surface bound plus internalized cells were quantified by fluorescence intensity per well using a fluorometer. The cells were harvested by trypsin-EDTA solution.
Resuspended single cells were analyzed by flow cytometry for phagocytosis. Internalization of bacteria was assayed in 12-well plates by coincubation of KIM1-PK1 or control cells with Tetramethylrhodamine-labeled Gram positive (S. aureus) or Gram negative (E. coli) bacteria (Bio-Particles; Invitrogen) in a 1:10 (cell: bacteria) ratio for 1 hour at 37°C. After washing, internalization was manually counted by fluorescence microscopy. To evaluate internalization of other targets by KIM1-PK1 cells, the cells were cultured in 4-well chamber slide, then coincubated with Texas red-labeled zymosan particles ( Figure 5C To determine the localization of KIM-1 in relation to bound and engulfed apoptotic cells, the phagocytosis assay was carried out as described above except that the cells were cultured in chamber slides (Nunc). After incubation, noningested apoptotic cells were either washed away as described above or simply gently aspirated to leave bound cells intact. The cells in the chamber slides were fixed, permeabilized, and blocked as described above, then labeled with anti-human KIM-1 (#1400) rabbit polyclonal antibody (1:1,000) followed by anti-rabbit Cy3 (1:400) (48) .
Apoptotic cell surface binding assays. Viable and apoptotic LLC-PK1 cells were prepared as described above. Briefly, 3.0 × 10 5 cells were placed in 0.6-cm diameter wells with 300 μl conditioned medium containing mKIM1-Fc (800 ng/ml), hIgG1 in DMEM, or DMEM containing c-Ret-Fc at same concentration, incubated (1 hour, 37°C), washed 2 times, and incubated with anti-human IgG FITC antibody (Jackson ImmunoResearch Laboratories Inc.) (1:100) for 1 hour. After final washing, cells were fixed in PFA, resuspended in FACS buffer, and assessed by flow cytometry. In some experiments, apoptotic LLC-PK1 cells were incubated with KIM1-Fc in the presence or absence of 5 mM EDTA and 1 mM EGTA. Free calcium was restored to the solution by addition of 15 mM Ca 2+ to the binding condition with EDTA/EGTA before applying secondary antibodies.
LDL binding assay. KIM1-PK1 or pcDNA-PK1 cells were plated at 1.5 × 10 5 cells per 8-well chamber slide or at 3.0 × 10 5 in a 3.8 cm 2 well as described above. Human DiI-labeled ox-LDL (25 μg/ml; Intracell) or human DiIlabeled native LDL (25 μg/ml, Intracell) in DMEM/10% FBS was added to the cells 24 hours after plating and incubated 1 hour at 37°C (internalization) or 4°C (binding), followed by washing with ice-cold PBS 3 times, followed by fixation (2% PFA) and mounting (Vectashield/DAPI). In some experiments, after washing, cells were lysed in 0.1% TX-100 PBS, transferred to 96-well plates, and analyzed for DiI-fluorescence using a scanning fluorometer (Flexstation; Molecular Probes) (27) . Specificity of binding 5 μg/ml of DiI-labeled ox-LDL was determined by competition with 200 μg/ml (40 × excess) of unlabeled human ox-LDL (Intracell).
In vitro KIM1-Fc binding assays. All phospholipids were obtained from Avanti and stored under nitrogen to prevent oxidation. The 0.6-cm wells of ELISA plates (Corning EIA/RIA plate) were coated by addition of 50 μg/well of ox-LDL or 60 nM of PS (porcine brain, 840032C), PC (chicken egg, 840051C), PE (chicken egg, 841118C), or PA (chicken egg, 84010C) in ethanol, and the solvent was dried (39) . Solvent alone was used as control. After blocking with 5% BSA, hKIM1-Fc (800 ng/ml), hIgG1 (800 ng/ml), c-Ret-Fc (800 ng/ml) in PBS containing 2 mM CaCl2, or buffer alone were added to different wells and incubated 37°C for 1 hour. Following washing 3 times with PBS, bound Fc proteins were quantified using anti-human IgG-HRP (Fc-HRP) antibody (Jackson ImmunoResearch Laboratories Inc.) followed by development TMB substrate and were read at OD405. Adsorption and retention of phospholipids were confirmed by reextraction of lipids by ethanol from the plastic surface. Reextracted lipids were applied to silica gel TLC plates, and after development, lipid bands were visualized with iodine vapor.
Inhibition of phagocytosis by PS liposomes. PC liposomes and PS liposomes (PS/PC mixed, 1:1) were prepared immediately prior to use by sonication of phospholipids in HBSS according to manufacture's instructions (Avanti). Liposomes were mixed with 10% FBS DMEM at 0.2 mM concentration and added to KIM1-PK1 cells in 12-well plates and pretreated for 1 hour at 37°C. Labeled apoptotic thymocytes (6.66:1 ratio) were added to the liposome-pretreated KIM1-PK1 or control cells, and the flow cytometric phagocytosis assay was carried out as described above.
Statistics. Analysis of variance was used to compare data among groups. Student's t test was used to determine a significant difference between 2 groups. A P value of less than 0.05 was considered significant. All error bars indicate SD.
